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Abstract. We present designs for loffe-Pritchard type magnetic traps using planar patterns of hard mag- 
netic material. Two samples with different pattern designs were produced by spark erosion of 40 /im thick 
FePt foil. The pattern on the first sample yields calculated axial and radial trap frequencies of 51 Hz 
and 6.8 kHz, respectively. For the second sample the calculated frequencies are 34 Hz and 11 kHz. The 
structures were used successfully as a magneto-optical trap for *^Rb and loaded as a magnetic trap. A 
third design, based on lithographically patterned 250 nm thick FePt film on a Si substrate, yields an array 
of 19 traps with calculated axial and radial trap frequencies of 1.5 kHz and 110 kHz, respectively. 
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PACS. 03. 75. Be Atom and neutron optics - 39.25.-|-k Atom manipulation (scanning probe microscopy, 
laser cooling, etc.) - 75.70.-i magnetic properties of thin films, surfaces, and interfaces 

1 Introduction chips are now in development to miniaturize atom optics 

and to make it more robust. They have great potential 

Planar microstructures have recently emerged as a very ^r application in quantum information processing [iCIIHl 

powerful and attractive tool for handling neutral ultra- ^"d in atom interferometry. Large magnetic field gradients 

cold atoms. These so-called " atom chips" have been used ^nd thus large trapping forces can be achieved on-chip, re- 

to construct miniature atom optical elements including moving the necessity of large, high power external coils, 

traps, waveguides, and beamsplitters BHHIEl. Atom Miniature current carrying wires can produce tight mag- 
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netic trapping potentials that have successfully been used magnetic atom chips. Our trap designs, together with the 

to create Bose- Einstein condensates of rubidium atoms actually produced samples, show that in-plane magneti- 

I10| . zation is as suitable as out-of-plane magnetization for the 

Most atom chips so far have relied on a pattern of Purpose of creating (arrays of) traps. The first design, on 

current-carrying wires to generate the required magnetic ^ ^^^^^ A^m, was cut by spark erosion out of 40 ^m 

field gradients. Here we investigate a promising alterna- t^^i^^ FePt foil. The second design, an array of strips on a 

tive based on patterned hard magnetic films. Waveguide scale of 1 ^m, was lithographically patterned in a 250 nm 

designs using out-of-plane magnetized film have been re- thick film of FePt on Si. 
ported before using TbFeCo HH and CoCr films [TUn| 

and magneto-optically patterned Co/Pt thin films [H]. In 2 Material properties 

plane magnetized videotape has been used for waveguides • , i i • 

1 he material to be used m permanent-magnetic atom chips 

and traps I15II16I . Here we describe the fabrication of self- i r • 

must meet a number of requirements. In order to produce 

biased loffc-Pritchard microtraps based on FePt film. rr- • i i 

a sufficiently large stray field, a large remanent magneti- 

The use of permanently magnetized film has many po- nation is required. Because we use external fields (< 
tential benefits, including very large magnetic field gradi- ^^^^ ^^^^ g^j^ minima around we also need a large 
ents (-10^ T/m). Even for very intricate patterns there is ^^^^^^^ coercivity Finally, a high magneto-crystaUine an- 
no ohmic power dissipation, no current noise from power isotropy will ensure that the magnetization is preserved 
supplies, and no stray field from lead wires. It is quite regardless of the shape of the structure. We found that 
conceivable that up to 10^ micro traps may be integrated pgp^ j^gg^s ^j^ggg criteria. FePt has been studied exten- 
on a square centimeter. An obvious advantage of current- gj^giy ^oth in bulk [Hj and thin-film [TH| form since it 
conducting chips is the possibility to switch or modulate combines high magneto-crystalline anisotropy with high 
the currents. As an alternative, we use external uniform saturation magnetization M, ^ and has excellent sta- 
magnetic fields to manipulate the magnetic field minima, ^-^-^y corrosion resistance. At high temperature FePt 

In this paper we investigate the possibilities of mi- has a disordered face-centered cubic (fee) structure which 
croscopic patterns of permanent magnetization, in-plane has a very high but is magnetically soft. The low- 
magnetized. In the second section we briefly discuss the temperature equilibrium structure on the other hand is 
requirements on the magnetic materials, motivating our face-centered tetragonal (fct or LIq), with a lower but 
choice of FePt alloy. Section 3 is dedicated to analysis of very high magneto-crystalline anisotropy and coercivity. 
the patterns that were prepared and discussions of their In this phase the Fe and Pt order in an atomic multilayer 
application on atom chips. We describe two types of hard structure. It has been shown jSQ. that annealing of soft fee 
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material obtained from a melt produces nanocrystallites of 3 Designing loffe Pritchard traps 

the fct phase that are exchange coupled to the soft phase, 

, . . . , . , , . , 3.1 General remarks 

resultmg m a material with the optimum properties de- 
sired here. FePt keeps its magnetic properties for different 

Magnetic traps of the loffe-Pritchard (IP) type [^24U25I 

thicknesses, both as a bulk and as a film. A unique feature 

126) have been used extensively in the realization of Bose- 

of the FePt material is that it has a nearly isotropic and 

Einstein condensation of alkali gases. A crucial property 

large coercivity, making it suitable for both in-plane and 

of these traps is that they have a non-zero magnetic field 

out of plane field orientation. The former is suitable for 

minimum, in order to prevent Majorana transitions to un- 

the creation of tight traps, while the latter is suitable for 

trapped magnetic sublevels. The basic configuration for an 

creating waveguides. 

IP trap consists of four long bars with currents in alter- 
nating directions. This generates a cylindrical quadrupole 
We prepared two types of samples. The first consists of gg^^ ^^^^^ i^^ds to radial confinement. A set of axial 
a pattern cut by spark erosion out of bulk Feo.6Pto.4 foil, coils is used to produce a non-zero axial field and to pinch 
The measured ratio M,/M, is -0.8, the saturation mag- ^fj ^rap along the axis. Atoms in a weak-field seeking 
nctization M, « 400 kA/m and the coercivity is about 0.2 gpjj^ g^^te are trapped in the minimum of the magnetic 
T, which is enough to withstand the highest external field figi^j magnitude 

that is applied to manipulate the atoms (lOmT). Tests ^his basic layout can be implemented with permanent 
showed that baking at 170°C, to obtain UHV conditions, ^^gnets to create a self biasing structure. Two parallel 
does not affect the magnetic properties. magnetic strips produce a cylindrical quadrupole field in 

a similar way to the four current carrying bars in a IP 
The second type of sample consists of an array of strips trap. The axial field including the pinch fields are added 
in 250-nm thick Fco.sPto.s film on Si using fithographic by placing extra pieces of material in appropriate places, 
techniques. For this film thickness the magnetic properties AH dimensions can be scaled down (< 100 nm), resulting 
are essentially similar to the bulk material. The film has in large gradients and curvatures. 

been grown by Molecular Beam Epitaxy (MBE). The in- The designs described below aim at achieving a trap 
plane remanence, saturated magnetization and coercivity depth of at least 0.5 mT, trap frequencies greater than 
of the film are: M,./Ms = 0.90, Ms « 600 kA/m and He/ /io 1 kHz and a non-zero minimum field so as to avoid spin 
= 0.80 T. More details on the material optimization and flipping. The stray field of the patterns has been calculated 
lithographic processing are given in separate publications using Mathematica |27| in combination with the Radia 
laiES- package |2H1- 
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Fig. 1. (a): loffe-Pritchard trap cut out of a 40 fim thick FePt 
foil, magnetized in-plane (|| y). (b): Two similar foil traps glued 
on an aluminum mirror for mounting inside the vacuum sys- 
tem. The lower structure corresponds to the left picture. 

3.2 loffe Pritchard trap based on FePt foil 

A cylindrical quadrupole field can be easily created in the 
vicinity of a magnetic pattern, using two identical, uni- 
formly magnetized strips. The trap is so designed that 
the two long strips, in-plane magnetized, produce a cylin- 
drical quadrupole field with its axis along the x direction, 
see Fig. Q] The bias field needed to lift the magnetic field 
minimum is given by the structure itself, in this particular 
case by the stem of the "F" and the extension of the upper 
long strip. These two parts also determine the trap depth. 
The structure is thus a self-biased IP trap. This particu- 
lar shape is motivated partly by practical considerations 
while cutting, and by the desire to have a single connected 
piece to simplify mounting on the mirror surface. 

We have glued two such magnetic structures with slight- 
ly different dimensions on an aluminum mirror shown in 
Fig.^b). The ultra-high vacuum compatible glue should 
be used with restraint, since excess glue will cause un- 
desired scattering of light and hamper absorption imag- 
ing of trapped atoms. The surface of the FePt foil also 



causes some diffuse light scattering, which is why it ap- 
pears somewhat darker than the mirror in Fig. 1(b). The 
surface area of the F structures is sufficiently small that it 
does not affect the operation of a mirror magneto-optical 
trap (MMOT). The resulting magnetic field pattern pro- 
duced by one of the structures. Fig. 1(a), is shown in 
Fig. 13 The field strength as a function of the distance to 
the surface is shown in Fig.|2Ia). The magnetic field con- 
tour lines in the xy plane are shown in Fig. [5Jb), mark- 
ing the B-field strength in multiples of 0.5 mT. A local 
field minimum of 0.25 mT is found at a height z — 0.19 
mm above the surface. Both figures 2(a) and 2(b) are cuts 
through the position of minimum field. The calculated ax- 
ial and radial trap frequencies, for ^^Rb in the F — mf ^ 
2 state, are 51 Hz and 6.8 kHz, respectively and the trap 
depth is about 1.1 mT (760 /iK). The second structure, 
upper in Fig.^b) forms a trap of 34 Hz in the axial direc- 
tion and 11 kHz in the radial direction with a trap depth 
of 3.3 niT (2.3 mK). 

The magnetic foil was prepared from bulk nanocrys- 
talline Feo.6Pto.4 material. The material was rolled to a 
100 fim foil and mechanically polished to 40 fim thick- 
ness. Spark erosion using a 50 /im wire was used to cut 
the FePt foil. The size of the gap between the two strips 
is determined by the diameter of the cutting wire. 

The mirror was mounted inside the vacuum cell with 
the glued magnetic structures facing downward. We have 
trapped 2x10^ *^Rb atoms in a mirror magneto optical 
trap (MMOT) using the field gradient of the magnetic 
structures and an external field of 0.2 mT along y. The 
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Fig. 2. Calculated magnetic field magnitude above the F struc- 
ture, (a). Field magnitude versus distance from the chip sur- 
face. The minimum is 0.25 mT. (b) Magnetic field contour lines 
of the self-biased IP magnetic trap in the xy plane, in multiples 
of 0.5 mT . 



MMOT forms ^ 2 mm under the chip. This proves that 
the sample is still magnetized after baking of the vacuum 
setup. Closer to the structure the magnetic field gradient 
becomes so strong that the atoms can be magnetically 
trapped. We have trapped 5x10^ atoms in this IP trap 
using an external field of 6 mT. An absorption image of 
the atomic cloud at 400 fiia under the chip is shown in 
Fig. O The next step will be to switch off the external 
field so that the atoms will be trapped in the self biased 
IP trap, requiring detailed optimization of the trajectory 
into the bias free trap. 



Fig. 3. An atomic cloud magnetically trapped in the magnetic 
field gradient of the structure, 400 /im under the chip surface 
using an external field of 6 mT in the x direction. The field of 
view is 3.3x1.3 mm^. 

3.3 Arrays of traps based on micro-fabricated FePt 
thin films 

In a second approach we designed arrays of magnetic strips 
creating arrays of magnetic traps. Such arrays should en- 
able one to move atoms from one trap to another as in a 
shift register practical for quantum information process- 
ing. This purpose requires traps on the micrometer scale, 
implying films with (sub-)micromcter thickness. Calcu- 
lations show that a thickness of 250 nm is satisfactory 
for making sufficiently tight magnetic trapping potentials. 
Each array is characterized by the length and width of the 
strips, the width of the slit between strips, and the longi- 
tudinal displacement of neighboring strips as can be seen 
in Fig. ^ By keeping the thickness of the magnetic ma- 
terial constant and varying the other parameters we can 
achieve different trapping potentials at different heights 
above the surface with the possibility to reach frequencies 
in the range of 10 - 100 kHz. Higher frequencies, in the 
MHz range could be achieved by further reduction of the 
dimensions. 

The working principle of this design can be explained 
as follows: (n-1) cylindrical quadrupoles are formed be- 
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tween n equally long strips. As one can see neighboring 
strips are shifted with respect to each other by a constant 
step, like a staircase (see Fig. 4(a)). As a result, for every 
pair of neighboring strips the upper strip extends a lit- 
tle to the right of the pair, while the lower strip extends 
to the left. These extending pieces of magnetic material 
pinch off the ends of each trap and produce the axial field. 
This results in a trap with nonzero field minimum being 
formed between each pair of neighboring strips, in this 
case 19 traps using 20 strips. We observe that the trap 
depth increases with the increase in the size of these "end 
caps" . One example of magnetic field patterns above the 
film are presented in Fig. 0| A plot of the magnetic field 
contours reveals a periodic array of magnetic field minima 
as shown in Fig 4(d). The trap frequencies calculated for 
the central trap are 110 kHz in the radial direction and 
1.5 kHz in the axial direction. The traps are 1.4 mT (980 
liK) deep. The traps are formed at 4 /im from the surface. 

The patterning has been done by e-beam lithography 
and plasma etching. Fig.|5lshows SEM images of an array 
of these patterns and a cross section of one of them. This 
shows that the etching process has yielded an edge at ap- 
proximately 45° angle, with a roughness of approximately 
50 nm, which is on the order of the nanocrystalline grain 
size. This edge roughness is slightly larger than the state 
of the art in current-conducting chips and can probably 
still be improved. The edge roughness has recently been 
shown to be a critical feature for creating waveguides in 
current-conducting chips. An analysis of the requirements 
for permanent-magnet chips is in progress. For both types 



y 




X ^^^^^^^^ 








■ 1 ram 


a 




20 40 




x(/im) 



y{(/m) 



Fig. 4. Calculated array of micro-traps above the surface, (a) 
Each strip has a width of 5 fim and a length of 100 fim. The 
slit is 2 jj,m and the longitudinal {x) shift is 10 fim. (b) Field 
strength versus z through the center of the trap, (c) Contours 
of constant field strength in the xy plane. The magnetic field 
contour lines are at 0.3 mT intervals, (d) Contours of magnetic 
field magnitude in a yz plane showing an array of magnetic 
traps. 

of chips the requirements for creating traps should be less 
stringent, depending on the aspect ratio of the traps. The 
final chip will be coated with a thin Ft layer to obtain a re- 
flecting surface allowing the formation of the MMOT, and 
so the photoresist remaining on top of the FePt pattern 
will have no effect. 

4 Discussion and conclusions 

We have shown that self-biased micron sized loffe-Pritchard 
traps and arrays of traps can be prepared with permanent 
magnetic structures with in-plane magnetization. We have 
presented two types of structures using FePt as magnetic 
material and two types of chips have been prepared us- 
ing foil (40 /im thickness) and films (250 nm thickness), 
with diverse geometries. The bulk structure and the ar- 
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Fig. 5. (a) An array of strips of FePt on a silicon substrate and 
(b)cross section of one of the FePt strips. 

rays of strips are suitable for producing neutral atom traps 
with high frequencies. The strong magnetization of FePt 
in combination with the smaU structures produce large 
magnetic field gradients of order 10^ T/m. The FePt film 
can be patterned down to nm scales, giving extremely 
tight traps with 100 kHz, possibly MHz, frequencies for 
Rb atoms, and making this method promising for quan- 
timi information processing. Previous theoretical |2H| and 
experimental |30ll31ll32j results have shown that at short 
distances of several 10 fim to the surface the lifetime can 
be reduced by thermally-induced spin relaxation. The spin 
flip lifetime depends on the film thickness, atom-surface 
distance and the skin depth j33ll34| . For our films of 250 
nm thickness, with an estimated skin depth 5 =100 /im at 
2.1 MHz it should be possible to create long lived traps 
at > 2 fim distance from the surface. The large and near- 
isotropic coercivity of FePt makes it suitable for both in- 
plane and out of plane magnetization. These microstruc- 
tures with permanent-magnetic films offer a large flexibil- 



ity in design and length scales ranging from mm to (sub-) 
/im feature sizes. A highly promising future approach will 
be to develop hybrid chips, combining magnetic structures 
with other techniques, including electrostatic potentials, 
optics, etc. 
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